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THE PHASE DISCREPANCY BETWEEN TEMPERATURE
AND DENSITY IN THE THERMOSPHERE

Peter W, Blum
ABSTRACT

The observations of thermospheric densities by satellite drag
analysis and the thermospheric temperatures by back scatter radar
measurements show a phase difference, The dependence of this
phase difference on various factors is briefly reviewed, Itis
shown that by chosing certain boundary conditions at 120 km the
observations of both temperature and densities become consistent,
The possible range of boundary conditions is analysed. Further-
more it is shown that the phase discrepancy is largely due to the
higher harmonic components of both the temperature and the
density variation in the thermosphere.
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THE PHASE DISCREPANCY BETWEEN TEMPERATURE
AND DENSITY IN THE THERMOSPHERE

INTRODUC TION

Much effort has been spent in the last decade on the theoretical explanation
of the observed behaviour of the thermosphere. Especially the time of the maxi-
mum of the diurnal density variation was a subject to a great many investigations
on thermospheric dynamics. The atmospheric densities in the height region
between 250 to more than 500 km peak between 14 and 14.5 hours IL.. T., while
the earlier theoretical models of the thermosphere (Harris and Priester, 1962;
Mahoney) predicted the maximum of density about three hours later. In these
early computations it was implied that, at least in the upper thermosphere, the
temperature has its maximum at the same time as the density. For this reason
the problem was apparently further complicated when incoherent back-scatter-
radar observations made it possible to deduce thermospheric temperatures
directly. These temperatures show a maximum between 15 to 17 hours and
have therefore a phase difference relative to the densities of about two hours.,
This phase difference depends on season, but at least to a first approximation
is height-independent from 250 to 500 km. '

A satisfactory solution of the problem requires the understanding of the
dynamics of the thermosphere and involves therefore the solution of the three-
dimensional Navier-Stokes equations, possibly with the inclusion of the non-
linearities, and coupled to the energy-balance equation, No complete solution
has been given up to the present; Bailey and Moffet (1972) have recently stated
that claims to the contrary appear premature.

In this paper the energy budget of the thermosphere will not be investigated.
Its understanding is essentially identical with the complete solution of the phase
problem. We shall limit ourselves to a partial aspect, namely a possible
reconciliation of the phase difference between temperature and density based on
the observational evidence of satellite drag analysis and incoherent scatter
radar, We shall treat these observations of temperature and density as empir-
ical data and show them to be consistent, or rather determine the conditions
which make such a consistency possible.



OBSERVATIONAL EVIDENCE

a, The Time of the Density Maximum

Satellite drag analysis has provided us with a great amount of data on the
distribution of thermospheric densities as a function of height, local time, lati-
tude, season, solar activity and geomagnetic activity., The diurnal variation of
density becomes only observable by rockets and satellite drag analysis above
150 to 170km. In the lower height region between 150 to 250 km the data are
sparse. King-Hele et al. (1966) have analysed both rockets and satellites having
low perigees and have concluded that above 170 km there exists a definite diurnal
variation with a higher day-time than night-time density. This contrasts with
Harris and Priester's (CIRA 65) prediction of lower day-time densities than
night-time densities below 150 to 180km, and a corresponding very small diurnal
variation in the height region from 150 to 180km. Until now the hour of the day-
time maximum below 250 km has not been ascertained, so that 250km is the
lowest height for which a definite observation derived from satellite drag on the
phase of the diurnal density variation can be made., Above 250km the time: of the
maximum is remarkable constant and falls between 14,2 and 14.5 L,T. for a
great many of the satellites analysed (Jacchia and Slowey, 1968; Jacchia, 1970).
It shows some scatter, but no discernable dependence on height and little, if
any, on the other parameters like solar activity, latitude and season. The
density minimum is less pronounced, has more scatter, and may also show a
height-dependence, varying from 3.4 hours at 350km to 2.15 hours L.T. above
500km (Jacchia, 1970). From the fact that the time of the maximum and the
minimum do not differ by exactly twelve hours it must be deduced that in addition
to the diurnal component of the density variation, also a semi-diurnal and pos-
sibly higher components must be present. This is included in Jacchia's expres-
sion for the exospheric model temperature (Jacchia, 1965 and 1972) which
represent in Jacchia's model the observed densities, On the other hand, it must
be remembered that the process by which density data are obtained from drag
analysis has inherently a low time resolution. While this may be advantageous
by excluding sporadic deviations from the steady state densities, it unfortunately
reduces the accuracy of the method regarding the determination of the amplitudes
and phases of the semi-diurnal and higher components of the diurnal density
variation, For this reason it must be concluded that the semi-diurnal component
of the density variation which is derived from Jacchia's formula, which in turn
is based on a tremendous amount of satellite drag data, is not the total semi-
diurnal density amplitude, but only a part of it. With regard to the hour of the
maximum density, it is also possible that a height-dependent trend may exist,
but not have been discovered due to the inherent low time resolution and the
relatively large scatter of the observations, But should this be the case, then
this trend must be less than 40 minutes, otherwise it would have become apparent
due to the very large number of individual observations.



Within this accuracy we may therefore postulate that satellite drag obser-
vations have established that the time of the maximum densities of the diurnal
variation in the height region between 250 to 500 km is height-independent, that
to the maximum densities contribute besides the fundamental component also the
semi-diurnal and possibly higher components, but that no accurate statement
regarding the amplitude and phases of the higher components is at present
available from an analysis of the drag data.

Voiskovsky et al. (1971) have tested the possibility that drag analysis gives
an erroneous result for the time of the maximum densities when the density
variation has a substantial content of higher harmonics similar to the radar-
deduced temperature variation. They have found that at least for satellites
having eccentricities of the order 0.1 or larger, the error in the time of the
maximum that could result from such a density variation is less than 0,5 hours,

A very valuable addition to the satellite drag data are the densities derived
from mass-spectrometer measurements, By this method it has been ascertained
from the OGO-6 observations (Hedin et al., 1972) that the time of the maximum
of the density of the various atmospheric constituents is not the same for all
constituents. Especially the maximum of the helium density takes place much
earlier than the maximum of the total density. At 450km helium seems to peak
at about 10 hours L, T,

b. The Diurnal Variation of Atomic Oxygen at the Lower Boundary

Few reliable data on the variation of atomic oxygen at 120km are available.
On theoretical grounds Shimazaki (1971) has calculated an amplitude for this
variation of less than 0.1 with a peak density in the late afternoon. We shall
define the amplitude and phase of a variation as used in this paper as the param-
eters a, and ¢ in the expression E

pzt)=py, (D) (1 +Za cosn w(t-p,)) 1)

Alcayde et al. (1972) have extrapolated the behaviour of atomic oxygen down to
120km from their observations, These show considerable scatter, but may be
interpreted as having a diurnal as well as higher order components. The maxi-
mum to minimum density ratio can be estimated to be hetween 2 and 3, this
corresponds to an amplitude of 0.3 to 0.5. The time of the maximum is approx-
imately at 7 hours. As no data between 19 and 3.5 hours are available, possible
estimates regarding the amplitudes and amplitude ratios of the various harmonic
components are not possible, or at least not accurate.



King-Hele (1966) has derived a larger amplitude of the diurnal variation of
density in the lower thermosphere than shown by most other results. He has
determined from Cosmos rockets shot during periods of low solar activity that
at a height of 170 km there already exists a ratio of 1,7 between day and night
densities, This corresponds to an amplitude of 0.3. It is hard to explain such
a large variation, without the assumption of the existence of a diurnal variation
already at 120km. As nitrogen will probably vary little at 120 km, the obser-
vations of King-Hele strengthen the assumption that the diurnal variation of
atomic oxygen at 120km is not negligible.

From regressive analysis of incoherent back scatter data (Champion, 1971)
a maximum to minimum ratio of the atomic oxygen densities of 3 to 1, or even
4 to 1 at a height of 225km is computed. This would correspond to an amplitude
greater than 0,1 at 120km, As the maximum densities at 225km seem to be in
the late morning hours, a phase maximum in the early morning hours at 120 km
is indicated. It should be remarked that it is uncertain whether this particular
observation refers to the steady state or a sporadic deviation from it.

The O/0, ratio at 120km has been measured by many investigators and has
been the subject of a number of discussions and papers (v.Zahn, 1970, Hickman
and Nier), The changes that the estimates of this parameter have undergone is
reflected in the development of the Jacchia models. The Jacchia 65 models
(Jacchia, 1965) assume a ratio of unity, the 1972 models (Jacchia, 1972) a
ratio of 2.6 and a still later version of the 1972 models a ratio of 1.9 depending
slightly on solar activity. In the Jacchia models there is a definite relationship
between the model exospheric temperature that correspondsto acertain density
profile and the O/O, ratio at the lower boundary. The lower the exospheric
model temperature, the higher this ratio must be. Because of this sensitivity
of the Jacchia model temperatures to variations of the O/0O, ratio at 120km,
there seems little point in comparing the magnitude of the Jacchia model temper-
atures with the temperatures deduced from incoherent scatter measurements
and to deduce from a near-equality of both temperatures that there exists a
consistency between both sets of data, i.e., the density drag data and the inco-
herent scatter observations, as has sometimes been argued (Waldteufel, 1971).
It is rather the phase behaviour, i.e., the diurnal variation of temperature from
incoherent scatter observations that must be shown to be consistent with the
drag determined variations of thermospheric densities.

From the above it may be concluded that at present insufficient definite
information on the behaviour of atomic oxygen at 120km is available. In the
model computations represented in this paper the Jacchia 1972 average densities
were used, but contrary to Jacchia's model a diurnal variation of the atomic
oxygen densities at the lower boundary was introduced.



c. Thermospheric Temperatures

Thermospheric temperatures have been observed by incoherent scatter
methods for several years by various groups (Nisbet, 1967; Carru and
Waldteufel, 1969; Evans, 1969; McLure, 1971). A great amount of measurements
have been obtained and many of the details of the dependence of the temperature
profile on the various physical parameters like solar activity, geomagnetic
activity and season have been discovered (Waldteufel and Cogger, 1971)., All
groups have obtained results that are consistent in the essentials., A generally
accepted model that describes thermospheric temperatures as a function of all
the parameters does not exist at present, though partial models have been con-
structed (Waldteufel, 1971), We shall describe briefly the observations of Salah
and Evans (1972) as they are one of the latest published results. These obser-
vations extend over a continuous period and were analysed by Salah and Evans
in terms of harmonic components, It should be remembered that the uncertain-
ties of the temperature measurements are higher at night than during day-time.
This introduces in turn uncertainties in the higher harmonic components when a
Fourier-analysis is made., In Table 1 the first three harmonic components of
the exospheric temperature for the winter, equinox and summer season according
to Salah and Evans results are given. These measurements, especially for the
winter season, yield times of the temperature maxima that are earlier by about
half an hour compared to Waldteufel and Cogger's data (1971). This cannot be
entirely explained as a latitudinal effect according to Waldteufel's empirical
expression for the exospheric temperature dependence. If harmonic components
of higher order than three are also taken into account, somewhat later maxima
for the total temperature are obtained, but even if these are included then the
diurnal temperature maximum in winter as measured by Salah and Evans, still
seems to take place earlier than corresponding values found by other groups.

As seen from Table 1 the phase of the maximum temperature shows a con-
siderable dependence on season, while the phase of the maximum density does
not. For this reason the phase discrepancy is smallest in winter and most
pronounced in summer, at equinoxes it has an intermediate value, It may even
be considered doubtful whether the winter phase discrepancy is at all above the
possible errors of observations. On the other hand the summer phase discrep-
ancy of 1.5 to 2 hours is well established. In our model calculations we refer
only to the summer data, as there the problem is most critical.

The temperature variation in the 120km height region was also measured
by Salah and Evans. It was interpreted by them to consist of a semi-diurnal
tidal oscillation that is rapidly damped below 135 km and shifts in phase by a
considerable local time interval over the vertical distance of less than 30 km.
From the data published so far it seems that it is difficult to deduce with some
degree of certainty the amplitude or phase of the temperature variation and its



various harmonic components in this height region. The possibility that the
measurements, or some of them, represent sporadic deviations from the steady
state values of temperature, possibly caused by gravity waves, cannot be rejected
entirely. Earlier Wand (1969) also observed temperature variations in the 120
km region. These had phase shifts of 1 to 4 hours within a 15km vertical dis-
tance and periods that varied from 7.4 to 13 hours on various days. In this
paper we are only concerned with the steady state behaviour of the thermosphere.
As the data obtained by the various groups and the data of one group on various
days, show considerable scatter, it seems premature to deduce from the obser-
vations so far published results which determine the steady state behaviour of
the temperature at 120 km,

PREVIOUS EXPLANATIONS OF THE PHASE DISCREPANCY

Chandra and Stubbe (1970) suggested that variable boundary conditions at 120 km
can explain the phase discrepancy between temperature and density. They have as-
sumed instantaneous diffusive equilibrium above 120 km. Thus the density of the
atmosphere is uniquely determined by the boundary conditions at 120 km and
the temperature profile above 120km, This concept, also discussed earlier in
a somewhat different context by Harris and Priester (1965), is called dynamic
diffusion by Chandra and Stubbe. Basedon theseassumptions a one-dimensional
simplified model of the dynamics and the heat budget of the thermosphere was
solved. In this model the density variation at 120km of all constituents was
assumed to have the same phase and amplitude and the temperature varied in
phase with the density. The equality between the phases of temperature and
density was deduced from simple one-dimensional considerations of the region
below the turbopause. This constraint is probably not true for a more realistic
atmospheric model. In their model calculations the phase of the density maxi-
mum increases from 14 hours at 200 km to about 16 hours at 500km. This
increase of the time of the maximum is not in accordance with satellite
observations,

Cummack and Butler (1972) objected for other reasons to the explanation
given by Chandra and Stubbe. They argued that in Chandra and Stubbe's model
considerable vertical motions result from the equality of the phasesofthe temper-
ature and density variation at 120km. This breathing of the atmosphere is
additional to the EUV-induced breathing above 120km. It would in effect raise
the atmosphere periodically by one scale height which, Cummack and Butler
conclude cannot be reconciled with ionospheric observations,

Mayr and Volland (1972) have suggested that wind induced diffusion causes
a time delay of one to two hours between temperature and density and that this
furnishes the required explanation of the phase discrepancy. Their theoretical



dynamical model of the thermosphere (Volland and Mayr, 1970) is used as a first
approximation for the thermospheric temperature density and wind distribution.
It is postulated that below 250 km the atmosphere is not in diffusive equilibrium,
mainly due to the non-vanishing divergence of the horizontal wind field. A
perturbation treatment for the density distribution of atomic oxygen as deduced
from the continuity and diffusion equation is applied. The arguments, why Mayr
and Volland's treatment cannot be the full explanation of the problem seem
mainly to be the following:

1. No observational evidence for deviations from diffusive equilibrium
above 120 km exist, If indeed there are deviations, then they are prob-
ably small,

2. Their results show a phase discrepancy between temperature and density
of 5 hours at 160 km, 4 hours at 200 km and about one hour at 360 km,
They limit their model to heights below 360km. The theoretical founda-
tions of their approach are valid to 500km, only in the exosphere the
hydrodynamic equations become questionable. Their limitation to heights
below 360km is therefore unwarranted. If their computations are
extended to 500km, as can easily be done, the phase discrepancy is
reduced to less than half an hour. For this reason their results are
contradicted by satellite drag data and do not explain the observations.,

From these difficulties of Mayr and Volland's approach it should not be
concluded that wind - induced deviations from diffusive equilibrium in the lower
 thermosphere do not have a pronounced effect on the structure of the thermo-
sphere as suggested by Mayr and Volland.

Swartz and Nisbet (1971) have suggested that the densities derived by satel-
lite drag analysis and the temperatures from radar observations are self-
consistent, not due to a diurnal variation of density or temperature at the lower
boundary, but rather due to a diurnal variation of the temperature gradient at
120km. They did not verify that this reconciles the drag and back-scatter data
over the whole height range in which results are available, but have limited
themselves to one height, namely 300km. They have derived from their obser-
vations temperature gradients at 120 km that have between 9 to 14 hours L. T.
a maximum that is almost double the day-time average. As only the measure-
ments for a single day were published it is not certain if the data represent the
average values over a longer period. Wand (1972) has taken the average of 5
:days in September 1970 and has found the highest temperature gradient to occur
at 9 hours L, T, with a gradual decrease up to 18 hours L. T, Figure 1 shows
the smoothed data of both sets of observations. From Salah and Evans (1972)
observations it is difficult to deduce a consistent average behaviour of the tem-
perature gradient at 120km, Therefore it cannot be considered as completely



established that the variation of the temperature gradient at 120 km determined
by Swartz and Nisbet corresponds to the steady state behaviour of this quantity.
Even if such a variation of the steady state values of the temperature gradient
would be assumed, we have not been able to verify Swartz and Nisbet's ascertion
that this behaviour explains the discrepancy between the phase of temperature
and density completely and no further variation of the density at 120km is
required. For one height, i.e., 300 km this is probably true, but a correspond-
ing fit for the whole height region from 250 to 500 km seems not to be possible.
The variation of the temperature gradient at the lower boundary may play an
important part in the reconciliation of the phase discrepancy, but it alone cannot
explain it,

THERMOSPHERIC MODEL

Our approach to the reconciliation of the phase discrepancy between thermo-
spheric densities and temperatures is essentially based on variable boundary
conditions at the 120 km level similar to the solution suggested by Chandra and
Stubbe,

Our deduction from observations and assumptions are:

1. The diurnal variations of exospheric temperature includes several har-
monics as detailed in Table 1. The amplitude of the higher harmonics
is relatively high, the third has about 10% of the amplitude of the
fundamental,

2. The phase of the exospheric temperature depends on season, It is latest
in summer and earliest in winter,

3. The temperature profile has a height-dependence according to the Bates
formula, i.e., is similar to Jacchia's temperature profile.

4, There may exist a steady state temperature and temperature gradient
variation at the lower boundary.,

5. The atmosphere is in diffusive equilibrium.

6. The time of the maximum densities is determined by satellite drag data
and is independent of height. ¢

7. Atomic oxygen and helium have a diurnal variation at 120km, There is
no constraint regarding the phase of the temperature and density
variation. '



By including the temperature distribution as given by observations we have
avoided a dynamical treatment of the thermosphere, as we consider the observed
temperatures the result of the dynamical behaviour of the thermosphere.
Thereby we have included dynamic effects of horizontal winds and other energy
sources without a need to specify them. Our approach therefore limits the
problem to the derivation of the observed density profile, and especially the
constancy of the density maxima as a function of height, from the given temper-
ature profile and the assumed boundary conditions. In contrast, the semi-
empiric Jacchia model describes the density observations by the introduction of
an empirical temperature profile, which is not identical with the true kinetic
temperatures. In our treatment the temperatures are identical with the true
kinetic temperatures, at least as far as they can reliably be derived from back
scatter measurements.,

The consistency of the temperature and density observations depends on the
assumed boundary conditions. They are not uniquely determined from the con-
dition of the consistency, Nevertheless, the variety of boundary conditions that
fulfills the demand of consistency is limited., We may therefore draw at least
preliminary conclusions on the boundary conditions at 120 km that exist in reality.

DIFFUSIVE EQUILIBRIUM

Diffusive equilibrium above 120km is one of the assumptions of our model.
We shall briefly discuss this, The assumption that atomic oxygen and helium
and not the other constituents have a diurnal variation at 120km is not strictly
consistent with diffusive equilibrium, because it implies that atomic oxygen and
helium have a velocity differing from the velocity of the major constituents
which is zero as the density of N, at 120km is assumed to be time-independent.
This in turn causes a deviation of the atomic oxygen and helium density profile,
from the diffusive equilibrium densities. We have disregarded this slight incon-
sistency because the deviations from diffusive equilibrium that result from the
assumed variations are small and therefore, the dens1ty profiles that results
from this assumption are a close approximation t¢ the density profiles that
would result from an inclusion of the diffusion velocities.

The existence of barometric equilibrium for the total mass density of the
thermospheric height regionis assured by the vertical equation of motionfor the
total mass (Rishbeth, 1969). The terms of this equationthat could cause deviations
from barometric equilibrium are the inertial term, the Coriolis term and the
ion-drag and viscious dragterms. The horizontal flowappears in this equation
only through the non-linearities of the convective derivative of the vertical motion
and the Coriolis force. All the terms that could cause deviations from the



barometric law for the total density are at least three orders of magnitude less
than the term due to the gravitational attraction. Their combined effect is pos-
sibly a slight modification of the effective gravitational force, but no deviations
of the total mass distribution from the barometric law results. Horizontal flow
may effectively modify the vertical temperature profile, but will not cause devi-
ations from the barometric law. From somewhat different considerations
Yanowitch (1966) has derived similar results. On the other hand, effects like
eddy diffusion, dissociation and recombination of atomic oxygen and horizontal
having a non-zero divergence may cause deviations from diffusive equilibrium
of the individual constituents. These deviations may change the average molec-
ular weight and average scale height and thereby cause a change in the distri-
bution of the total mass density, but this distribution would still be in accordance
with the barometric law,

Deviations from diffusive equilibrium in the lower thermosphere above
120 km have not been observed, because they are below the threshold of the
accuracy of our present methods of observations. That such deviations do
exist has been demonstrated on purely theoretical ground by Shimazaki (1967,
1968, 1971) and Mayr and Volland (1971). Especially atomic oxygen and helium
are the two constituents that may have deviations from diffusive equilibrium.
In our model calculations we have not taken into account these deviations, as they
are probably small and reliable data on their amplitudes and phases are at
present not available, By neglecting these deviations we have not limited the
accuracy of our model calculations as we have treated the boundary conditions
at 120km as free parameters. Any deviation from diffusive equilibrium can be
absorbed in our revised boundary values. In other words, our boundary values
for atomic oxygen and helium would probably be somewhat modified if deviations
from diffusive equilibrium would have been taken into account, but no appreciable
change in atmospheric behaviour above 250 km would result from this. Once a
correct description of the diurnal variation at 250 km is obtained and the temper-
ature profile above this height is given, the atmospheric behaviour above 250 km
is determined, irrespective of the exact mechanism by which the diurnal vari-
ation at 250km has arisen.

According to the above we assume that the atmospheric densities above
120 km are given by the well-known expression for diffusive equilibrium

1+a,. z |
i T(zy,1) ‘ S dz
ni (Z,t) - ni (ZO ,t) (T(Z, t) > exp <- ZO HI(Z9t) (2)

where q; is zero for all constituents except helium, which has a thermal diffu-
sion coefficient ape = -0.4.
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The boundary conditions represented by n; (z,,t) in expression (2) are to be
understood as the effective boundary conditions that would result in an identical
behaviour above 250 km when no deviations from diffusive equilibrium above
120 km would exist.

EFFECTS OF HIGHER HARMONICS

The observations and analysis of Salah and Evans shows that the diurnal
component of exospheric temperature peaks at 14 hours and is therefore in phase
with the maximum of the diurnal component of the density variation, For this
reason it becomes apparent that the phase discrepancy is an effect of the higher
harmonics of density and temperature. The density according to expression (1)
is a product of several time-dependent factors, especially the exponential
function, Its variation shows therefore effects equivalent to non-linearities.
With a temperature profile that has only a diurnal component a harmonic analysis
of the relevant density profile shows an induced semi-diurnal component. The
amplitude of this semi-diurnal component of the density variation is seen in Fig-
ure 2 for two cases: (a) no temperature or density variation at the lower bound-
ary, (b) no density variation at the lower boundary, but a temperature variation
with an amplitude of 0.1 and a phase equal to the phase of the exospheric temp-
erature., About 10-15% semi-diurnal variation is induced by the fundamental
of temperature., A comparison of the curves also shows that the amplitude of the
density variation in the lower thermosphere depends strongly on the temperature
variation at the lower boundary. With no temperature variation the density vari-
ation below 170 km is negligible. In this context it may be recalled that King-
Hele (1966) has found in the lower thermosphere an amplitude of the density
variation that is considerable in excess of the CIRA 65 or the Jacchia model
densities. His results give additional support to the assumption that the steady
state values of the lower boundary conditions have a non-negligible variation.

The interaction of the various harmonics of the temperature profile to give
rise to higher harmonics of the density variation is further exemplified in Fig-
ures 3 and 4, Here the exospheric temperature is in accordance with Salah and
Evans analysis and includes harmonics up to the third order. The resulting
densities are compared for three cases: Only diurnal component of the density
variation taken into account, the first three harmonics of the density variation
are summed, and the first five harmonics of the density variation are summed,
From Figure 3 it is evident that the neglect of the 4th and 5th harmonic of the
density variation results in a time of maximum that deviates from the correct
values. At 500km the error is about 0.3 hours. The phase difference between
the maximum density of the fundamental component and the total density is about
2 hours.,
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NUMERICAL RESULTS

The total density distribution in our model is given by

4 z
T(z,.1)
p(zt) = ; m; n; (2g,) = exp ( J dr ) 3)

T(z,t) z H;(z,t)

with the four atmOSpherid constituents N,, O,, O and He. The first two con-
stituents are assumed to show no variations at 120km. The average densities.
for all constituents is taken from the Jacchia 1972 models, The temperatures
are deduced from Salah and Evans observations and the temperature profile
follows the Bates (1958) formula, The consistency between the observations of
density and temperature is obtained by chosing suitable boundary conditions.,

As the accuracy of the determination of the time of the maximum of the density
variation from satellite drag is about 0.5 hours, boundary conditions that
resulted in a density profile having a maximum in the height region from 250 fo
500 km that did not show a height dependent trend of more than 0.7 hours and had
an average between 14.3 and 14. 8 hours were considered a solution that satisfied
the demands of consistency of the temperature and density data.

In order to obtain this the parameters of the boundary conditions were
varied. These parameters are the amplitudes and phases of tlie variation of
the density of atomic oxygen, of temperature and of the temperature gradient.
The variations of the temperature gradient were additional to the slight temper-
ature gradient variation of the Jacchia model that is proportional to exospheric
temperature. This additional variation was obtained in the computation by
including a time-dependence of the shape parameters of the Jacchia temperature
profile. Not all parameters were varied simultaneously. Three different sets
of boundary conditions were tested:

1. Variation of amplitudes and phases of the atomic oxygen density and the
temperature T,

2. Variation of the amplitudes and phases of the atomic oxygen density and
the temperature gradient T"'.

3. Variation of the amplitude and phase of the atomic oxygen density and a

temperature variation at the lower boundary that was in phase with the
exospheric temperature.

12



Special cases of (1) and (2) were variations of only one of the three param-
eters T, T' and atomic oxygen density. The third model corresponds to a time
variation of temperature that is essentially independent of height. Except for
the temperature variation in the model (3) all variations included only a diurnal
component with no higher harmonic content. A semi-diurnal or higher harmonic
component at the lower boundary results generally in a variation at exospheric
heights that has a shape not in accordance with observations, especially it may
have more than two extrema, Various theoretical modelstreat the thermospheric
variations in terms of harmonic components (Volland, 1970; Mayr and Volland,
1970), for the very simple computations required in our model this was not
necessary, but in order to facilitate a comparison with other models such a
harmonic analysis was also made.

The diurnal variation of the helium density at the lower boundary was
assumed to have an amplitude of 0.1 with a maximum between 8 and 9 hours.
This assumption accounted approximately for the observations of the helium
variation at higher altitudes as determined by OGO-6 and the San Marco satel-
lite (Newton et al, 1971). The helium variation has little if any effect on the
total density in the height region investigated in this paper.

The optimum boundary conditions were determined by a non-linear search
program that selected a set of boundary conditions that minimized a parameter
related to our demand of consistency of temperature and density data. As large
amplitudes of variation at 120 km are not likely, these amplitudes were limited
in the various cases to 0.1, 0.2 and 0.3 etc. For limits that were set too low
no good solutions could be obtained. Some of the results for the optimum bound-
ary conditions are shown in Figures 5, 6, and 7, Table 2 summarizes these
results, Figure 8 shows the best possible result for the case where only the
density is varied at the lower boundary with both temperature and temperature
gradient constant (except for the small variation of the temperature gradient
also included in the Jacchia model). In this case the time of the maximum of
the total density has a height dependent shift of more than one hour, it is there-
fore somewhat above the limits set by the observations. An even larger height-
dependent phase shift results if at the lower boundary the density is kept con-
stant and only either temperature or temperature gradient are varied.

RESULTS
On the premise that thermospheric observations establish the following:
a. The total density between 250 and 500 km has a maximum between 14 to

14,8 hours L.T. The height dependent shift of this time of maximum is
less than 0.7 hours for the steady state. No seasonal shifts exists,

13



b. The diurnal variation of thermospheric temperatures is in accordance
with radar back scatter observations, i.e., its time of maximum depends
on season and is in summer about two hours after the peak of the density.’
It can be deduced: ’ ' -

1.

The boundary conditions at 120 km must be strongly dependent on
season as the large change in the phase discrepancy between sum-
mer and winter can only be due to a change in boundary conditions.

For summer, where the phase discrepancy is most pronounced, the
boundary conditions must comply with certain conditions:

a,

Without a variation of the density of atomic oxygen at the lower
boundary the observed temperature profile cannot give rise to a
height-independent time of maximum density that is in accordance
with drag data. The optimum solution for constant lower bound-
ary densities results in a height-average value for the phase
discrepancy that is correct, but its shift in the height region
from 240 to 500 km is about 1.6 hours. Such a height trend would
have been discovered by drag analysis. .

Boundary conditions with a constant temperature and a constant
temperature gradient may explain the observations, but the
required amplitude of the density variations is between 0,4 to 0.5,
This large amplitude is hard to explain theoretically and makes

it therefore likely that in addition to the density the temperature
or the temperature gradient must vary at 120 km.

Consistent solutions may be obtained with variations of the den-
sity of atomic oxygen with an amplitude between 0.1 and 0.2 and
a time of maximum in the morning hours. The corresponding
required variation of the temperature would have an amplitude

of 0.1 and a maximum in the early afternoon. If the temperature
is kept constant than the temperature gradient must be varied
with an amplitude of 0.5. The model calculations do not allow to
distinguish between the likelihood of a variation of the temper-
ature or the temperature gradient, Also, a simultaneous vari-
ation of both parameters seems possible, but was not tested.

The phase discrepancy is an effect strongly influenced by the
presence of higher harmonic components of the diurnal density
and temperature variation., For this reason it must be concluded
that no dynamical theory that neglects the higher order compon-
ents can give an adequate account of the observed phase discrep-
ancy, as it scarcely exists for the fundamental components.
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e. The boundary conditions determined by the model computations
are effective boundary conditions that assume the existence of
diffusive equilibrium above 120km,. It is possible that theactual
boundary conditions that take account of possible deviations from
diffusive equilibrium above 120 km have smaller amplitudes of
variations than the effective boundary conditions we have deter-
mined. Until more details on the thermospheric variations
between 120 to 250 km are known, it is difficult to determine the
influence of deviations from diffusive equilibrium.

3. It seems possible to construct empirical models of the thermosphere
that represent consistently the observations of both temperature and
density in the height range where they have been observed.
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Table 1

Harmonic Analysis of Exospheric Temperature

(ACC. TO SALAH AND EVANS)
EQUINOX SUMMER WINTER

COMPONENTS PHASE |AMPLITUDE| PHASE |AMPLITUDE| PHASE |AMPLITUDE
DIURNAL COMP. 14 L.T. 0.1 14 L.T. 0.1 14 LT 0.1
SEMI-DIURN. COMP. 1558 L.T. | 0.019 17 L.T. 0.029 13 L.T. 0.011
3RD HARMONIC 168 L.T. | 9.011 18 L.T. 0.011 16 L.T. 0.011
LgLﬁALOL'ESST THREE | 1535 LT, 16. 22 L.T. 14. 48 L.T.
TOTAL 16 L.T. 17 L.T. 15 L.T.

Table 2

Boundary Conditions at 120 km Required for Explanation of Phase
Discrepancy from Drag Data and Radar Temperature

AP OF VAR | AWP_OF TEMP. | | GRAD. VAR | PHASE SHIET TOT,
ATOM. OXYGEN VARIATION (ADDITION TO 240—500 km
JACCHIA MODEL)
0.01 OR LESS UP T0 0.1 ZERO 1.6 NO DENSITY VAR.
0.01 OR LESS " ZERO UP TO 0.6 1.4 NO DENSITY VAR.
02-05 ZERO ZERO 1-1.2 ONLY DENSITY VAR.
0.3-0.6 ZERO 0.35 0.7
0.2 0.1 ZERO 0.7
0.1-0.15 ZERO 0.5 0.8
0.2-0.3 0.1 ZERO 0.6
0.2-0.3 ZERO 0.5 LESS THAN 0.6
0.3 PROP. TO Te ZERO LESS THAN 0.4
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AMPLITUDE OF TEMPERATURE VARIATION
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